Abstract: This study investigated experimentally the flow boiling CHF phenomena of aqueous-based alumina nanofluids in single microchannels, and assessed the validity of a number of microchannel-based CHF correlations using experimental nanofluids data.
Introduction
For cooling systems based on phase change mechanism, the safe operation of the system is limited by the critical heat flux (CHF), which is the upper limit of heat removal without incurring serious surface temperature jump. Beyond that, a vapor blanket or local dryout will occur on the heated surface that prevents further direct contact with liquid, which would result in rapid rise in the surface temperature that might bring a catastrophic effect to the whole system. For safety considerations, significant effort has been spent in the last to understand the influential factors and the mechanisms of CHF in conventionalsized channels [Lee and Mudawar 2009; Roday et al 2008; Roday and Jensen 2009b,c] .
Conventional approaches of increasing CHF include engineering different tube surfaces (grooved tubes or structured modified surfaces), employing different inserts (such as twisted tape or helically coiled wire) in tubes, or applying an external field to induce fluid vibrations.
With the rapid progress of micro/nanotechnologies, a number of small integrated functional devices, such as the micro/nano electronic-mechanical systems (MEMS /NEMS), lap-on-a-chip devices and high-heat flux laser systems, have been developed.
Due to the increasing importance of surface forces and evaporative momentum at small dimensions, many differences have been found on the mechanisms of CHF between large and small channels [Lee and Mudawar 2009; Roday et al 2008] . There is an increasing effort to understand the mechanisms of CHF in microchannels and develop reliable models correspondently. In the last decade, there was intensive effort, worldwide in using nanoparticle suspensions, or so called nanofluids, to modify thermo physical properties of heat transfer fluids and intensify different heat transfer processes. Quite a few studies have shown that dilute nanofluids can significantly increase the CHF under pool boiling conditions [Bang and Chang 2005; Kim et al 2007c] . Very recently, a few limited studies have been extended to flow boiling conditions. For instance, Kim et al (2008) Concerning the emergence of both nanofluids and microchannels, the focus of this study is two folds: i) to extend the spectrum of our knowledge in nanofluids by experimentally investigating the CHF phenomenon of aqueous-based alumina nanofluid in single microchannels, and ii) to assess the existing correlations' and applicability on nanofluids data. In this paper, a short review of CHF in microchannels and CHF with nanofluids will be conducted. It will be followed by an experimental study of the CHF phenomenon of nanofluids in single microchannels; an assessment of the applicability of different existing CHF correlations. In addition, a correlation based on the Lee and Mudawar model is modified to predict the critical heat flux of water and nanofluid in microchannels, using existing experimental data.
Critical Heat Flux in Microchannels
Even though, the critical heat flux phenomenon has been studied for a long time on macroscale sizes, the transition into the microscale study is still at the beginning. A number of studies have been conducted to investigate the influence of various parameters on the CHF, propose different correlations and/or mechanisms. Generally the critical heat flux in microchannels has been found to be affected by the channel geometries (size, shape and heated length) and operational conditions (mass flux, exit vapor quality, inlet subcooling and pressures), as well as a few other parameters, which are summarized in Table 1 . Many inconsistent results have been reported in the literature, including different CHF trends as the channel becomes smaller, i.e some studies reported an increase in CHF in smaller channels [Lee and Mudawar 2009; Roday et al 2008; Roday and Jensen 2009b] while others reported a totally different trend [Mudawar and Bowers 1999] . A brief review of existing critical heat flux is given below.
Some early studies revealed a qualitative trend of CHF in mini or microchannels. Lazarek and Black (1982) showed that for saturated flow boiling of R-113 inside a stainless steel tube, the CHF is occurred toward the exit of heated channel; a correlation was developed to predict the local quality for the onset of saturated critical heat flux. Inasaka and Nariai (1987) ) and found that CHF increased inside narrower tubes for a given mass flux. Vandervort et al (1994) investigated subcooled CHF inside metallic tubes made of stainless steel, nickel, brass and inconel in the range of 0.3-2.7 mm diameters. The CHF value was found to be insensitive to the tube materials; CHF was smaller at a higher heated length to diameter ratio, especially when D L / became smaller than 10. Lee and Mudawar (2009) measured subcooled CHF of HFE 7100 in a three-side heating copper microchannel with simultaneous visualization through a high-speed video.
The increase in inlet subcooling was found to enhance CHF significantly because a high subcooling reduced both bubble departure diameter and void fraction, limiting the flow pattern in the bubbly regime. Similar results were obtained by Mudawar and Bowers (1999) for subcooled flow boiling of water in small stainless steel tubes at high mass velocities, which showed that CHF increased nearly linear with the increase of subcooling. For saturated CHF, Qu and Mudawar (2004) studied water flow boiling inside a copper microchannel heat sink containing 21 parallel 0.215  0.821 mm channels, and observed a strong vapor reverse flow phenomenon, which re-mixing with inlet flow; cancelled the effect of inlet subcooling. Consequently the critical heat flux became insensitive to the inlet temperature. Similarly, Bowers and Mudawar (1994) showed that for an oxygen-free copper multichannel (0.510 by 2.54 mm), the CHF inside minichannels and microchannels is independent of the inlet subcooling at low flow rates, because the working fluid reached to the saturation temperature at a short distance inside the heated channel. Wojtan et al (2006) investigated the saturated CHF inside single stainless steel tubes of 0.5 mm and 0.8 mm for two refrigerants: R-134a and R-245fa. It was observed that CHF increased with increasing mass flux. The critical heat flux inside 0.8 mm microchannel was higher than of 0.5 mm one for a given mass flux and the difference became larger as the mass velocity increased. It was reported that the highest CHF occurred at the shortest heated length and highest mass flux. found negligible on the saturated CHF value. A theoretical model was proposed to predict the saturated critical heat flux in circular microchannels . The dryout process of a liquid film in annular flow was modeled by solving the onedimensional two-phase flow conservation equations numerically. It was assumed in the model that interfacial waves, usually observed in microchannel annular flows, would trigger an early onset of dryout when the film thickness was smaller than the height of the interfacial wave.
In addition, Kuan and Kandlikar (2008) 
Critical Heat Flux of Nanofluids
The study of nanofluids [Wen et al 2009] [Rea et al 2009] . However the quantitative results still differ: the CHF enhancement has been reported to vary from 10-40% [Bang and Chang 2005 ] to 200-400% [Kim et al 2007c] . It is difficult to explain such wide differences. The possible reasons reside in the stability of nanofluids and the variability of the solid and the liquid phases, as well as the surface wettability change due to complicated interactions between nanoparticles and the heating surface. Most of nanofluids used in boiling experiments tend to be unstable at the high temperatures due to the failure of stabilizers. The stabilizers and particles could agglomerate and deposit on the heating surface, which certainly modifies the heating surface and brings about a number of unforeseen effects, including the change of active nucleate cavities, the modification of surface wettability and the formation of extra thermal resistance on the heating surface that prevents direct contact of liquid with the boiling surface [Wen 2008a,b] Apart from the stability issue, the inherent interactions of nanoparticles with the heating surface, which may result in particle deposition and surface wettability change, is It was also observed that the use of nanofluids mitigated the propagation of hot spots that could explain why burnout tends to be more localized compared to water [Kim et al 2008] , which might be caused by an increased surface wettability as a result of the particle deposition [Kim et al 2009] The tiny layer of deposited nanoparticles would change the surface roughness and wettability. For the given conditions, modification of surface wettability has reported to be more significant, compared to the variation of surface roughness [Kim et al 2009] .
Initially, the enhancement of wettability due to the tiny layer of deposited nanoparticle [Kim et al 2009; Kim et al 2007a; Gerardi et al 2010] was reported to be a possible reason for enhancement of critical heat flux for nanofluids and effects of surface wettability on critical heat flux has considered theoretically by the macrolayer dryout model [Haramura and Katto 1983] and the hot/dry spot theory [Theofanous and Dinh 2006] . But later on, further experiments have conducted and indicated that all of the hydrophobic, hydrophilic, and superhydrophilic surfaces enhance the pool boiling critical heat flux [Forrest et al 2010] . Since the pool boiling critical heat flux was enhanced by both hydrophobic and hydrophilic surfaces, the surface wettability might not be the only possible reason for the critical heat flux enhancement.
The receding contact angle occurs in boiling heat transfer when the triple line moves toward the liquid phase while the advancing contact angle manifests when the contact line moves toward the gas phase [Mukherjee and Kandlikar 2007] . The difference between receding and advancing contact angle is called contact angle hysteresis. The suspended and deposited nanoparticles are able to change the receding and advancing contact angles as well as the equilibrium contact angle [Vafaei et al 2006] 
Experimental Setup
An open loop microchannel experimental system, shown in Subcooled fluid was supplied by a constant flow rate syringe pump and collected by the storage tank with a vent to the atmosphere. For flow boiling in the normal boiling regime, the surface temperature was normally a few degrees higher than the saturation temperature. However when CHF was occurring, the surface temperature jumped rapidly and the process was irreversible leading to burnout. During the experiments, input heat flux was increased steadily until the maximum surface temperature of the microchannel reaches the preset value, 150 C o in this work, and the correspondent input power is defined as the critical heat flux in this work. It has been observed when surface temperature reaches to 150 C o , the surface temperature rises rapidly and it would be irreversible. When surface temperature reaches to 150 C o , the power will be shut down to prevent of damage to the microchannel and measurement system. All thermocouples and pressure sensors were calibrated before use. The uncertainty of the thermocouples is controlled within 0.5 Kelvin within the whole experimental range, the pressure sensor has an uncertainty of 1.5 % and the average flow rate driven by the syringe pump has an uncertainty of 2%. The system heat loss was measured after the steady-state was achieved in the single phase convection regime just before the boiling occurs. The heat loss is defined as the difference of the input power and the enthalpy increase of the fluids as
Such a calculated value represents the maximum possible heat loss. When boiling occurs, the contribution of latent heat transfer will reduce the heat loss. The measured heat loss under typical working conditions was less than 10%.
Due to the small size and easy to be stabilized aqueous alumina nanofluids were used as working fluids. The nanofluids were formulated by the two-step method by dispersing commercial alumina nanoparticles of average particle size of 25 nm into the deionized water, Figure 2 . 
Results and Discussions
Before conducting nanofluids experiment, a benchmark study using deionized water The nanofluid density can be calculated as ) 1
, where  is the nanoparticle volumetric fraction; p  and f  are the density of nanoparticle material and base liquid. The density of the nanofluid vapor can be calculated . A modified C value of 0.20 was found to predict CHF of nanofluids pretty well, Figure 8 , which reduced the mean absolute error from 34.2% to 30%. 13 . 0  C was given the best prediction of current deionized water data, which reduced the mean absolute error from 25.1% to 24 %, Figure 9 . These figures were also shown that the correlations are slightly lower predicted. Nevertheless, such a predictive accuracy is acceptable for most of nanofluid applications. Consequently, the modified Lee and Mudawar model equation (5), is recommended for CHF predictions for both water and nanofluids in this work. Different C values can be used to refine the predictions. Pseudo-inlet quality  CHF inside 0.8 mm microchannel was higher than that of 0.5 mm one; the difference became larger as the mass velocity increased.  CHF was higher for R-245fa compared to R134a, while heated length was bigger than 20 mm.  Because of loss of subcooling due to the backward vapor flow and re-mixing, the CHF was independent of the inlet temperature. Mudawar and Bowers (1999)  CHF was not function of inlet subcooling at low flaw rates.  CHF was triggered at upstream of the exit.  CHF of microchannels was higher than that inside mini-channels.
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